Abstract-We present the design and experimental demonstration of a magnetic screen, which can pattern magnetic field into 256 programmable spots of small sub-wavelength dimension. A design methodology is outlined for designing a near-field plate to achieve a desired focus, and its implementation is discussed. Simulation using a full-wave electromagnetic solver clearly demonstrates focused magnetic field spots and that the presented structure has a stronger magnetic field compared with a conventional coil at the same focusing distance. A sample of thickness 2.1 mm with 16 layers, in which there are 32 unclosed loops for focusing on each of the eight layers and optimized guiding strips on the other eight layers, is fabricated and measured. The measurement results agree well with the simulation results. Finally, the response of the magnetic screen in the time domain is measured and computed showing the screen can be operated under pulse excitation. Such a device, capable of producing a programmable focused magnetic field, will find applications in biomedical devices, near-field imaging systems, data storage, and electromechanical actuators.
arrays [6] , sub-wavelength spaced slot arrays [7] , and dielectric gratings [8] . A near-field plate based on radiationless interference was recently designed and implemented in the microwave domain [9] [10] [11] [12] , where the radiationless field by the source was redistributed on the near-field plate as a second source to make the final field generate a sub-wavelength focal spot some distance away. The near-field plate was designed and experimentally demonstrated in the microwave domain [10] [11] [12] [13] . The near-field focusing based on this method was also investigated in the optical regime [14] [15] [16] . In addition to focusing the electrical field, focusing the magnetic field has intrigued many scientists [17] [18] [19] . Although some near-field plates can focus the magnetic fields from a plane wave or that produced by a dipole or a monopole to spots or lines, they are not designed to focus the magnetic fields perpendicular to it [20] , [21] . An investigation pertaining to the manipulation of kilohertz-band magnetic fields in air was first reported in [17] and experimental demonstration was presented in [18] , where a focused magnetic field strip is produced.
In the field of neuroscience, an important goal is to modulate activity in the body [22] . The electroencephalogram (EEG) and functional magnetic resonance imaging (fMRI) provide good ways to read signals from the brain, and efforts are underway to improve their resolution [23] . However, we are still lacking precise ways to write signals to the brain. Biomedical applications such as transcranial magnetic stimulation (TMS) produce intense pulsed magnetic fields into a circular shaped spot to make therapeutic effects in the brain [24] . This technique is used to treat neurological disorders such as depression. However, presently TMS using a pair of coils, with poor focusing performance, stimulate a region of the brain roughly the size of a golf ball. Seeking an effective way to precisely focus magnetic field inside the body is a big challenge to existing biomedical devices.
In this paper, we present a new type of digital field manipulation screen that gives a possible solution that may enable us to program the field profile and therefore current profile inside tissues for new approaches to biological applications of electromagnetics. The presented structure can focus a magnetic field into spot rather than strip in the focal plane. Using the proposed structure would allow for finer resolution and electronic scanning to rapidly stimulate various areas of the tissue. Compared to the conventional coil, this structure increases the resolution of the magnetic field focusing, as well as the field intensity within the nondiffractive range. This paper is organized as follows. In Section II, a general design procedure to generate a desired focusing pattern is discussed. The near-field plate is examined through full-wave simulations as a more effective and practical method for gen-0018-9480 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. erating a programmable magnetic field pattern. In Section III, the design procedure for such a magnetic screen is reviewed. The operation and design is also verified through full-wave simulation. A sample with the ability to produce 256 programmable focused magnetic field spots is fabricated and measured. The depth of focusing is measured. All of the simulations in this paper are implemented by using Ansoft HFSS 15.0, a finite-element-method-based high-frequency structure simulation package.
II. UNIT CELL

A. Basic Principle for Designing a Near-Field Plate
A general procedure for designing a near-field plate was discussed in [13] where incident waves were assumed to be parallel to the near-field focusing plate, and the plates were designed by surface impedances computed by taking the ratio of the field at the plate's surface to the derived current density. The procedure in [13] can enable one to design a plate that can achieve a focused electromagnetic radiation pattern along a focal plane in the plate's reactive near-field region. The magnetic field focusing is outlined in [17] . Compared with the focusing of the electric field, the curl of the induced current density at the plate is shown to be an important design parameter in the magnetic field focusing. Focusing plates like a pair of metallic periodic-ladder structures [17] and a single defected loop array structure [19] were analyzed in detail based on the current distribution. Here, a design flow for designing a near-field focusing plate in the magnetic field is also presented. The design of the plate is dependent on both the source excitation, as well as the desired focus. A model of focusing plate concept is shown in Fig. 1 , which is composed of a focusing plate we call the magnetic screen located along at , and the focal plane is at . When the magnetic field illuminates the focusing plate from the positive axis, the focused magnetic field pattern is formed on the focal plane.
For the sake of simplicity, lossless conductive strips are assumed. The incident magnetic field along the negative -direction is applied from the backside of the near-field focusing plate, where curl current is induced in the strips to create a magnetic field in the opposite direction of the incident field. Thus, the design procedure starts by formulating the wave (1) where the curl of the induced current density is located on the right-hand side of the equation, (1) in which is the incident magnetic field, is the induced current density, and is the wavenumber in free space. The magnetic field can then be computed by integrating the 2-D Green's function multiplied by the curl of the induced current density (2) The field at satisfies the following equation:
From the theory of back-propagating in [14] , once a desired magnetic field distribution is set, should be calculated using the following steps.
First, a Fourier transform is taken on the focal plane to get its plane-wave spectrum , where the harmonic time dependence is (4) Then make the transformation using the back-propagation method, (5) where when when (6) Substituting into (3), we can get the field distribution needed under the specified incident magnetic field.
In the study of electric field focusing [13] , the surface impedance needs to be imaginary in the design of a passive device. While in the focusing of magnetic field, the curl of induced current is an important parameter in the process of design. If we define the ratio of the magnetic field to the curl of the induced current density as a counterpart parameter, it may have the real part. This could be explained by the equation for induced current. For electric field, the right-hand side of (1) is , where and are the angular frequency and permeability. Here, we use induced current density in the focusing plate as the design parameter to explain how to obtain the desired magnetic field pattern.
B. Unit Cell Design
Observing induced current in the structure presented by [17] [18] [19] , we will find the closed structure can excite a magnetic field that is opposite in direction to that of the incident magnetic field. Thus, a closed structure can be used for collecting the near magnetic field energy in order to suppress the field in the focal plane. The collected energy can then be controlled to produce a magnetic field in the position we want, namely, focusing. Thus, the near-field plate must have two functions shown in Fig. 2 . For the suppressed area, the induced field by a magnetic screen is in the opposite direction as the original field. For the focused area, the magnetic screen is invisible to the original field. The configuration of the unit cell and induced current illuminated by a magnetic field from the positive direction is shown in Fig. 3 . It consists of a large square loop and a small unclosed loop connected by a pair of strips. The induced current is clockwise on the bigger loop and counter-clockwise on the small loop. The -component of scattered magnetic field by the structure in Fig. 3 can be computed using (2), which was given by (7) If the structure in Fig. 3 has a high aspect ratio, (7) would be a 1-D problem like [17] and [19] that can be simplified using Hankel function. The normalized magnetic field norm was simulated under an incident field created by the coil 15 mm above at 1 MHz with mm and mm. Observe that the clockwise current induced on the outer loop creates a magnetic field, , that is opposite in direction to that of the incident magnetic field. In the area between the two loops, the magnetic field is suppressed, while it is focused passing through the small loop. The simulated focusing results are shown in Fig. 4 , where the abscissa runs from 24 mm to 24 mm along two cut lines in the -and -direction, respectively, positioned at the center of the focused area at mm.
C. Programmable
In the previous section, the magnetic field focusing has been achievable. However, the focusing field at different positions at the same time or controlling the focused field pattern is still a problem. Making the structure programmable means the structure presented by Fig. 3 must have more than one focusing area with the field suppressed in other areas, and switches to determine which areas are active. In Fig. 5 is the presented programmable near-field plate that has the ability to focus the magnetic field to four different spots. The switches are located at the junctions between the guiding strip and outer loop. The switch is on when the current can pass through the smaller loop encircling the focused area, otherwise the switch is off. Thus, the magnetic field can be focused at different positions by opening the appropriate switches.
The 2-D magnetic field plot at mm is shown in Fig. 5(a) and the induced current in Fig. 5(b) . For the case of focusing in two spots, little induced current can been seen on the smaller loops and guiding strips, which are off. This means the switch can successfully control the focusing area without destroying the suppressed part. Thus, we can focus at more than one spot at a time.
D. Improvement of the Guiding Strip
From the focusing performance shown by Fig. 4 , the suppressed field in the -direction is not ideal due to existence of the guiding strip in Fig. 3 . The magnetic field produced by the guiding strip is in the same direction with the incident magnetic field; and inevitably passes through the near-field plate and deteriorates the magnetic field pattern. If the current on the guiding strip decreases, the magnetic field created by it would be weak as well as the focusing efficiency because the process of collecting the original field is interrupted. Since the focusing performance is valued on the focal plane, the magnetic field produced by the guiding strip can be redirected to another position far away from the focal plane. Fig. 6 gives the evolution of the guiding strip for removing the effect on the focusing performance. The guiding strips in Fig. 6 (b) are just moved to the edge of the focused coil. It has the same performance as the original unit, but this change is necessary for the array design. In Fig. 6(c) , two guiding strips are located on different layers along the -direction. The performance of the focused magnetic field with improved guiding strip is shown in Fig. 7 . Compared with the results in Fig. 4 , the field near the peak in the -direction is suppressed very well without the grating beam. The only drawback for this kind of guiding strip is to make the unit more complicated. We can see later using this structure as the unit cell requires that the magnetic screen has double layers.
E. Frequency Response
The bandwidth of the signals for TMS systems spans from dc to the kilohertz or megahertz range since they usually operate in pulsed current mode [22] . However, most published focusing techniques are just studied at one frequency point [10] , [18] , [19] , [25] . Actually, assuming the incident magnetic field is ideal; the curl of the induced magnetic field is the only design parameter for a set magnetic field pattern. Considering the structure we presented is not a resonant one, we have reason to conclude that the structure can cover a very wide operating frequency band with the magnetic field pattern we want. The structure in Fig. 3 with the guiding strip in Fig. 6 (c) is simulated at seven sampled points from 5 kHz to 10 MHz. The simulated results are shown in Fig. 8 . We can see from the plot that the structure works over a very large frequency band. However, the contrast in the lower frequency range is not as good as at the higher frequencies. From (1), decreases along with the decrease of the frequency. Thus, for a specified structure, the amplitude of induced current would be smaller for lower frequencies, as well as the induced magnetic field intensity. More fields passing through the suppressed area thus reduce the field contrast. On the other hand, the collected near-field energy is lowered due to the weakness of the induced current. This also makes the focused magnetic field lower. Higher in the suppressed part and lower in the focused area of the magnetic field make the contrast not sharp in the low-frequency points as in the high-frequency points.
There is a notch in the focused area in some frequency points due to phase errors. The notch would be removed if the probed height is moved 0.5 mm up or down.
F. Focused Magnetic Field Intensity
The normalized amplitude of the simulated magnetic field focused by the magnetic screen at various distances from the unit cell is compared with that created by a coil used in the standard TMS technique. The probed magnetic field is along the -direction positioned at the center of a focused area. From the simulated results in Fig. 9(a) , a magnetic field with half maximum value is deeper when increasing the radius of the coil, which means enlarging the size of the coil can be of help to get a deeper magnetic field. In addition, the magnetic field passing through the near-field plate is stronger than that created by the coil of the same size at the same depth. This is because the magnetic field passing through the magnetic screen is created by a much bigger coil. Since enlarging the coil can produce a deeper magnetic field, the focused magnetic field using a larger coil as the source also gets the same effect. When passing through the magnetic screen, the field in some areas is suppressed and transformed into the induced current, which is of assistance for increasing magnetic field intensity in the focusing part. Considering the two points mentioned above, the magnetic screen can be used to produce deeper magnetic field without sacrificing the focusing resolution. Unfortunately, the contrast between the focused magnetic field and the suppressed one deteriorates along with the increase of focusing distance from the magnetic screen, as shown in Fig. 9(b) . However, the focused magnetic field still remains very high compared with that produced by the conventional coil before the contrast disappears. This is very helpful in some situations where a stronger magnetic field is needed, such as for high-resolution TMS. If conventional coils are reduced to improve the resolution, the magnetic field dies off quickly. Thus, it is difficult to produce a strong field with high resolution using conventional coils.
The effect of the size of a large coil as the magnetic field source on the contrast and the focused magnetic field intensity is shown in Fig. 10 where the unit size is mm and mm in Fig. 3 . The magnetic field is probed in the -direction 1 mm under the magnetic screen. The contrast is better with the larger source because the magnetic field in the center of the larger coil is more ideal. The direction of the magnetic field passing through the magnetic screen is more congruent and perpendicular to the magnetic screen with a larger source. The contrast would be unchanged when the radius of the source is more than 50 mm in this case. If the source is smaller than the magnetic screen, the field cannot be collected very well due to the magnetic field being far from ideal. Thus the contrast is deteriorated as is indicated when mm. Fig. 11(b) gives the variation of the absolute focused magnetic field value with the size of the source. From Ampère's circuital law , the farther from the current, the weaker the magnetic field. Thus, the focused magnetic field intensity is decreased when the radius of the source is larger than 50 mm. However, the focused magnetic field intensity is even worse due to the poor focusing performance with very small source. When the input power is doubled, the focused magnetic field intensity is increased by a factor of more than when the radius of the large coil is in the range from 40 to 60 mm because the magnetic screen collects the field and focuses it. Considering the contrast and focused magnetic field intensity, the magnetic source should cover the whole magnetic screen or be slightly larger than it.
III. MAGNETIC SCREEN
A. Configuration
Based on the unit cell structure studied above, a magnetic screen with the ability of focusing 256 programmable spots at different positions was designed and manufactured using a printed circuit board (PCB) technique. Fig. 11(a) shows the simulation model on which the switches are indicated. The whole structure was constructed in a spiral form connected with metal vias in order that induced current on each layer is in the same direction. The unit cells have a separation of 0.3 mm where the guiding strip has a space of 0.13 mm between layers. As discussed in the previous section, the optimized structure requires 16 layers rather than eight layers so that the guiding strips overlap. Fig. 11(b) indicates the configuration of the switches to control the focusing positions. The switches in the plot are at the closed state. If one of the strips representing the switches is opened, the area it controls will focus the field underneath. The Fig. 9. (a) Normalized amplitude of simulated magnetic field along the -direction sampled at the center of the focused area. is the diameter of the conventional coil.
represents the magnetic screen. is the radius of the larger coil above the magnetic screen, which is used as magnetic field source in the simulation. (b) Normalized amplitude of simulated magnetic field along the axis at various distances from the unit cell. sample has a thickness of 2.1 mm, shown in Fig. 11(c) , with the FR4 as the support material. All of the switches are located on the top layer in order to facilitate the measurement.
The complicated employment of switches deteriorates the focusing performance, as shown in Fig. 12 . The contrast is worse. If higher quality focusing performance is needed, alternative arrangement of switches can be used, such as placing them internal to the layers, or directly at each of the small loops. In our experiment, we use this switch configuration to simplify the fabrication and measurement.
B. Experimental Results
The performance of the magnetic screen is verified in the frequency domain and time domain. The measurement system is illustrated in Fig. 13 . The upper three pieces of equipment are for frequency-domain measurements. The green large coil (in the online version) having a diameter of 300 mm, slightly larger than the sample, is the magnetic source excited by the signal generator (see the inset of Fig. 13) . A small loop with a diameter of 4 mm is used as a magnetic field probe, and scans the near field using an automatically controlled 3-D translation stage. The signal received by the small loop is analyzed by the signal analyzer. The translation stage and the signal analyzer are controlled by NI LabVIEW software, which is also responsible for near-field scanner and data acquisition. The near field was measured over an area 180 mm 180 mm with a step of 1.75 mm at different distances from the magnetic screen. The magnetic field along the plane and a complete 2-D scan at 1 mm above the magnetic screen are given in Fig. 14. Fig. 14(a) is a 2-D field plot for the whole structure at 5 MHz. The snapshots for other frequency points are shown in Fig. 14(b) . These 2-D field distributions clearly demonstrate the focused magnetic field that is intended.
The field slices in the focusing area along the -direction are shown in Fig. 15 in which the magnetic field is normalized to the maximum value in the whole focal plane at each frequency point. Compared with the magnetic field produced by the large coil, the field passing through the magnetic screen is redistributed and that in the focused area is increased as shown in Fig. 15 (a) due to energy transformation from the large magnetic flux that passes through the area between the large loop and the small one. The measured magnetic field versus frequency is shown in Fig. 15(b) and (c). Focusing contrast is better at higher frequencies due to the strong induced current on the structure. This phenomenon agrees well with the simulated results. The measured focusing contrast at 1 MHz is little worse than the simulated one in Fig. 12 . The difference between the simulated and measured contrast can be explained by several factors. It is not unexpected to see some difference between simulation and measurement due to the details of the feed for the magnetic source. Also, automatic positioner and other details of the environment can affect the magnetic field distribution. Errors in the measurement equipment and small discrepancies in manufacture are also expected. The probe positions where the peak of the focused magnetic field is averaged or cannot be probed well will also have an effect on the contrast. Fig. 16 provides the normalized amplitude of measured magnetic field along the same axis at several distances away from the magnetic screen. The magnetic field is normalized to the peak value at each slice for the comparison of the contrast. The contrast deteriorates with the increase in distance. The nondiffractive range is 18 mm at 1 MHz and 20 mm at 15 MHz. The contrast at 15 MHz does not change significantly compared with that at 1 MHz. In addition, Fig. 17 provides the normalized magnetic field intensity along the axis. The measured data was obtained using the magnetic source with mm. The distance at the same attenuation rate point as shown in Fig. 18 is slightly larger than the simulated results using the magnetic source with mm. This is because of the loss from using FR4 as the support material.
In the application of TMS, the source is in the form of a current pulse. Thus, it is necessary to get the response of the magnetic screen in the time domain. In our measurement, a vector network analyzer (VNA) E3071C (shown in Fig. 13 ) is used to get the response in the time domain. First, the frequency response can be obtained with the magnetic screen and without the magnetic screen. Considering that there are no nonlinear components in the magnetic screen, we deal with the magnetic screen as a linear time invariant device. The frequency response of the magnetic screen can be computed using the following equation: Fig. 18 . Response of magnetic screen using the transformer algorithm. The solid line is the response with two ports of VNA connected directly. The dotted line is the response of magnetic screen. (8) Once the frequency response of the magnetic screen is obtained, its response in the time domain can be computed using an inverse of fast Fourier transformation (IFFT) method. In our measurement, 1044 frequency points are captured spanning from 300 kHz-100 MHz. The IFFT is based on the embedded algorithm in the vector network [26] . The response of the magnetic screen in the time domain is illustrated in Fig. 18 . The original signal is the transmission coefficient when connecting two ports of the VNA directly. The screen signal is the transmission coefficient of the magnetic screen obtained by using the method discussed above. The transmission coefficient for the magnetic screen is much higher than unity, which is expected due to the focusing ability of the magnetic screen. In addition, the peak of the magnetic screen has a small delay compared with that of the original signal due to the thickness of the magnetic screen. Some ringing effect is seen on the trailing edge, which is from the phase difference of the signal, and probe position error with and without the magnetic screen.
IV. CONCLUSION
A magnetic field focusing technique has been discussed in this paper, and a programmable magnetic screen has been presented that has the ability to focus a broad area magnetic field into a 10-mm square area. A measurement setup for determining the response of the magnetic screen in the frequency domain and time domain has been provided. Experimental results have clearly demonstrated the focused magnetic field. Compared to the conventional coil applied in TMS, the presented structure can provide the magnetic focusing within a nondiffractive range. An improved switch arrangement may be necessary to increase the contrast between the focused fields and the suppressed region in the future. The new device may enable us to program the field profile, and therefore, the current profile inside tissues for new approaches to biological applications of electromagnetics. Also, the ability to focus the field at different positions at the same time can generate new capabilities with important applications such as providing sensory feedback to the brain for systems that are currently under development such as direct brain control of vehicles, aircraft, or prosthetic systems, or for more realistic combat simulators for training. In addition, the magnetic field focusing technique can be used to enhance the magnetic force in electromechanical actuators and transducers.
